Highly purified insulin receptor was shown to be a substrate for cAMP kinase. Approximately 1 phosphate was incorporated per molecule of receptor, and the cAMP kinase's affinity for the receptor was at least as high as its affinity for histone. The sites phosphorylated by cAMP kinase seemed distinct from those phosphorylated by the protein kinase C. Phosphorylation by cAMP kinase had no effect on the ability of several monoclonal antibodies to recognize the receptor or on the insulin-binding activity of the receptor. However, cAMP phosphorylation partially inhibited the tyrosine kinase activity of the receptor (-25%). These results suggest that catecholamine-induced resistance to insulin may be partly due to a direct phosphorylation of the receptor by cAMP kinase and a subsequent inhibition of the ability of the receptor kinase to be activated by insulin. Diabetes 36:123-26, 1987 R ecent data indicate that the insulin receptor has an intrinsic tyrosine-specific protein kinase activity that is important in mediating responses to insulin (1-3). Thus, the regulation of the receptor kinase would serve to modulate the ability of insulin to stimulate its different biologic responses. Two studies have shown that elevation of intracellular levels of cAMP caused a decrease in the ability of insulin to stimulate the receptor's intrinsic tyrosine kinase activity (4,5). The decrease in receptor kinase activity would explain the ability of catecholamines to induce insulin resistance in isolated adipocytes (6,7) and in vivo (8).
Highly purified insulin receptor was shown to be a substrate for cAMP kinase. Approximately 1 phosphate was incorporated per molecule of receptor, and the cAMP kinase's affinity for the receptor was at least as high as its affinity for histone. The sites phosphorylated by cAMP kinase seemed distinct from those phosphorylated by the protein kinase C. Phosphorylation by cAMP kinase had no effect on the ability of several monoclonal antibodies to recognize the receptor or on the insulin-binding activity of the receptor. However, cAMP phosphorylation partially inhibited the tyrosine kinase activity of the receptor (-25%). These results suggest that catecholamine-induced resistance to insulin may be partly due to a direct phosphorylation of the receptor by cAMP kinase and a subsequent inhibition of the ability of the receptor kinase to be activated by insulin. Diabetes 36:123-26, 1987 R ecent data indicate that the insulin receptor has an intrinsic tyrosine-specific protein kinase activity that is important in mediating responses to insulin (1) (2) (3) . Thus, the regulation of the receptor kinase would serve to modulate the ability of insulin to stimulate its different biologic responses. Two studies have shown that elevation of intracellular levels of cAMP caused a decrease in the ability of insulin to stimulate the receptor's intrinsic tyrosine kinase activity (4, 5) . The decrease in receptor kinase activity would explain the ability of catecholamines to induce insulin resistance in isolated adipocytes (6, 7) and in vivo (8) .
Because cAMP can activate a serine-specific kinase (9), one explanation for the results described would be that the cAMP-dependent kinase directly phosphorylates the insulin receptor and regulates its kinase activity. This hypothesis is supported by the finding that elevation of intracellular cAMP levels increases the amount of serine phosphorylation of the receptor in intact cells (4) . However, the cAMP kinase might also phosphorylate another serine-specific kinase that in turn phosphorylates the receptor. Indirect evidence for this alternate hypothesis has come from studies suggesting that the isolated insulin receptor is not phosphorylated by purified cAMP kinase (10, 11) . Our studies were therefore undertaken to further investigate whether cAMP kinase would phosphorylate the insulin receptor in vitro. We found the highly purified receptor to be a substrate for the cAMP kinase. This phosphorylation did not affect the insulin-binding activity of the receptor but did inhibit the intrinsic kinase activity of the receptor.
MATERIALS AND METHODS

Materials.
Insulin receptor was purified from human placenta on a monoclonal antibody affinity column and a wheat germ lectin column and exhibited only two protein bands (the a-and p-subunits of the receptor) on SDS-PAGE (12) . The catalytic subunit of cAMP kinase (9) and C-kinase (13) were purified by procedures from bovine heart and rat brain, respectively. Histone type IIA, poly(Glu 4 ,Tyr), protein kinase inhibitor, and Staphylococcus aureus V8 protease were purchased from Sigma (St. Louis, MO). [ 32 P-7]ATP (3000 Ci/mmol) was purchased from Amersham (Arlington Heights, IL). Methods. Phosphorylation reactions were performed by incubation of the insulin receptor with cAMP kinase for 10-60 min at 24°C in a final volume of 25 jxl of buffer containing 150 mM NaCI, 50 mM Hepes, pH 7.6, 0.02% Triton X-100, 2 mM MgCI 2 , 0.2 mg/ml bovine serum albumin, and 10 |xM [32p_ 7 ]ATP (10-30 Ci/mmol). Reaction mixtures were then analyzed by SDS-gel electrophoresis and autoradiography (12) . To test the phosphorylated receptor for its insulin-binding and kinase activities, it was adsorbed to microtiter wells coated with anti-mouse immunoglobulin and monoclonal anti-receptor antibody. Parallel wells were then incubated ATP (to assess the receptor's kinase activity) and analyzed as described (14) . (Fig. '{A) . With 20 fxg/ml cAMP kinase, 1.2 molecules of phosphate were incorporated per molecule of receptor. In the absence of cAMP kinase, there was still some phosphorylation of the 95,000-M r band because of the intrinsic kinase activity of the receptor (the autophosphorylating activity of the receptor is low under these conditions; i.e., no insulin or MnCI 2 is present).
RESULTS
Phosphorylation
To test whether the increased phosphorylation observed in the presence of cAMP kinase could be due to an activation of the receptor kinase, several experiments were performed. First, because the receptor kinase is heat labile, the receptor was preincubated for 1 h at 37°C and then incubated with cAMP kinase. With this heat-treated receptor, phosphorylation of the 95,000-/V/ r band was still observed in the presence of the cAMP kinase, but the amount of phosphorylation in its absence was decreased (Fig. 1A bands e-h) . Second, antibodies that inhibit the receptor kinase (2) were included in the reaction mixture. Again, the 95,000-M r band was phosphorylated in the presence but not the absence of the cAMP kinase. Third, receptor phosphorylated in the presence of cAMP kinase was tested for its ability to be recognized by antibodies to phosphotyrosine. Although these antibodies readily recognize autophosphorylated receptor, they did not recognize receptor phosphorylated in the presence of cAMP kinase. Finally, an inhibitor of cAMP kinase (15) was found to block the phosphorylation of the receptor by the cAMP kinase preparation (Fig. 18) . The results indicated that the receptor was being phosphorylated by the cAMP kinase.
To obtain significant levels of receptor phosphorylation, a concentration of at least 3 |xg/ml cAMP kinase was required. For comparison, the cAMP kinase was examined for its ability to phosphorylate various concentrations of histone IIA, a known substrate for this kinase (9) . With 1200 nM histone in the reaction, an almost equal amount of counts was incorporated into the histone band as into receptor when 20 nM receptor was present in the reaction (Fig. 1C) . Ability of various monoclonal antibodies to recognize cAMP-phosphorylated receptor. Because autophosphorylation of the receptor affects the ability of certain monoclonal antibodies to bind to the receptor (16), we investigated whether a similar effect was observed with cAMP phosphorylation of the receptor. However, receptor phosphorylated by cAMP kinase was found to be recognized identically to control receptor by seven different monoclonal antibodies that recognize four distinct antigenic regions of the cytoplasmic domain of the receptor p-subunit (16) . Effect of cAMP phosphorylation on insulin-binding and tyrosine kinase activities of receptor. Receptor was phosphorylated by cAMP kinase and tested for its ability to bind 125 l-insulin and phosphorylate an exogenous substrate, poly(Glu.Tyr). Phosphorylated receptor was found to bind insulin as well as nonphosphorylated receptor. In contrast, the receptor's intrinsic kinase activity was reduced dose dependently by prior incubation with cAMP kinase (Table 1) . The maximum inhibition observed in five separate experiments was 37%, and the average inhibition was 24%. Comparison of sites phosphorylated by C-kinase and cAMP kinase. Because purified insulin receptor is also phosphorylated by C-kinase (14), we investigated whether cAMP kinase was phosphorylating the receptor at the same sites. A comparison of the Staphylococcus aureus V8 digests of receptor phosphorylated by these two enzymes indicates that the enzymes phosphorylate distinct sites on the receptor p-subunit (Fig. 2) .
DISCUSSION
Our studies demonstrate that incubation of highly purified insulin receptor with purified cAMP kinase results in an increased phosphorylation of the p-subunit of the insulin receptor. This increased phosphorylation probably results from the cAMP kinase phosphorylating the receptor, because 7) phosphorylation was not inhibited by inactivating the receptor kinase by either heat treatment or inclusion of monoclonal antibodies to the receptor kinase; 2) this phosphorylation was not on a tyrosine residue, unlike receptor autophosphorylation (1); 3) the phosphorylation had no effect on the ability of several monoclonal antibodies to recognize the receptor, although these antibodies do not recognize the autophosphorylated receptor (16) ; and 4) a specific inhibitor of the cAMP kinase blocked the phosphorylation (15) .
The phosphorylation of the receptor by excess cAMP kinase resulted in ~1 molecule of phosphate incorporated per molecule of receptor. The V max and K m for the phosphorylation could not be determined because of the limited amount of receptor available. However, the receptor was a better substrate for the cAMP kinase than histone 11 A, a known substrate for this enzyme (9) . The inability of several others to find any phosphorylation of the receptor by cAMP kinase (10,11) may be due to 7) the use of low concentrations of impure receptor that would favor the intramolecular autophosphorylation reaction over the bimolecular cAMP kinase phosphorylation of the receptor, 2) the presence of high concentrations of detergent in these other studies, or 3) the use of receptor that has a partially proteolyzed p-subunit.
The phosphorylation of the receptor by cAMP kinase had no effect on the insulin-binding activity of the receptor but partly inhibited its intrinsic kinase activity. The level of this inhibition was -25%. This extent of inhibition may be sufficient to account for the decreases in the biologic responses to insulin observed in catecholamine-treated adipocytes. However, a greater inhibition of the receptor kinase was observed in receptors isolated from cells that have had elevated levels of cAMP (4, 5) . This may be due to a greater level of phosphorylation of the receptor in vivo by cAMP kinase. Numerous attempts at obtaining a greater inhibition of the receptor kinase by varying the conditions of the in vitro phosphorylation were not successful. Alternatively, there may be another protein in vivo that preferentially recognizes receptor phosphorylated by cAMP kinase and inhibits the receptor's tyrosine kinase activity. Such a protein has been described for phosphorylated rhodopsin (17) . Finally, another kinase may be activated in catecholaminetreated cells, and this kinase could also phosphorylate the receptor and modify its tyrosine kinase activity. The phosphorylation sites recognized by this hypothetical kinase may resemble those recognized by C-kinase, another serine-specific kinase that phosphorylates the receptor and has a greater inhibitory effect on the receptor kinase (14) .
